Abstract: This study investigates the bond performance of steel rebar embedded in reactive powder concrete(RPC
INTRODUCTION
Reactive powder concrete (RPC) is one of the newest development in concrete building materials. By adding steel fibers to RPC and its homogenized microstructure, it has many demonstrated advantages such as outstanding mechanical properties, ductility, and durability [1, 2, 3, 4] . In particular, its unique tensile performance, along with its high strength and strain capacity make RPC is very useful in bending structural applications [5, 6] .
One of the important aspects of the structural behavior of reinforced reactive powder concrete elements is the development of an appropriate bond capacity. The structural will premature failure for the insufficient bond resistance results. So it is very useful to accurate predict the relative slip between the rebar and concrete in the design and analysis work.
Experimental work had been performed in order to examine the bond of steel bars embedded in RPC [5, 6 ,7, 8, 9] . The main objective was to investigate the bond strength activated in pullout tests and to determine the relationship of bond-slip. Pullout tests were performed to examine the effect of varying parameters such as embedment length, bar diameter, concrete age and concrete cover.
EXPERIMENTAL PROGRAM

Material properties and mix proportion
The mix proportion of RPC used in this study is summarized by the weight in Table 1 . The water-to-binder ratio (W/B) used in the test was 0.16. The micro steel fibers having a length of 12 mm to 15mm, a diameter of 0.22mm and the tensile strength is greater than 2800MPa were incorporated by 2% of the total volume. Portland cement and silica fume were used as cementitious materials. Sand with a grain size of 0.16mm to 1.25mm was used as fine aggregate. In addition, the polycarboxylate superplasticizer was added to satisfy the workability, the flow was measured by 270 mm from the flow test in accordance with GB/T 14902-2012 [10] .
After casting, the test specimens were placed in the standard curing room and they were cured for 24h before demolding. After demolding, the test specimens were placed in the standard curing room again until reaching the testing concrete age. 
Mechanical tests
The compressive strength and flexural strength of RPC is the basic mechanical parameters of the analysis and design of RPC structure. The flexure, compression specimens were cast and cured under the same conditions as the Pull-out specimens. Three prism specimens with a dimension of 100mm×100mm×300mm were fabricated and tested for evaluating the compressive behavior in accordance with GB/T 50081-2002 [11] . Compressive strength was measured using universal testing machine (WAW) with a maximum load capacity of 2000kN. To obtain the strain along with the stress, three electronic strain gauges were also installed on the prism specimens. According to the Chinese standard GB/T 50081-2002 [11] , a four-point bending test was performed to investigate the flexural behavior. The compressive and flexural strength were measured after 7, 14 and 28 days. The properties of the steel rebars are summarized in Table 2 . 
Pull-out test
To evaluate the bond behaviors of steel rebar embedded in RPC, the pull-out test was carried out in accordance with GB/T 50081-2002 [11] , the direct pull-out test method was preferred because it is simple and leaves the free end accessible for the slip to be measured.
The nominal diameters of the steel rebar were 16mm and 20mm, the embedded length were 3, 4, 5 and 6 times the bar diameter, the concrete cover were 1, 1.6, 2.5cm and the concrete age were 7, 14 and 28 days to investigate the bond properties. The dimension of Pull-out specimens is 150mm×150mm×150mm. The detailed geometry and test setup are shown in Fig. 1(a) . The single bar placed horizontally along the central axis. The unbonded region of the rebar was sheathed with PVC pipe. A pull-out load was applied using a WAW with a maximum load capacity of 1000 kN through the pulling force, with the rate of load increase was 0.1 kN/s during testing. The LVDTs were used to measure the bond slip between the rebar and the concrete at free end, as shown in Fig.1 
EXPERIMENTAL RESULTS AND DISCUSSION
The effects of rebar embedment length, rebar diameter, concrete age and size of the concrete cover on the bond behavior is analyzed in this section. The bond-slip curves for the steel rebar embedded in the RPC were plotted using the experimental results obtained directly from the slip measurements at the free end, the bond properties are summarized in Table 3 . The bond stress distribution between the rebar and RPC is not constant along the embedment length. For simplification, the average bond stress τis calculated using Eq. (1).
where F is the pull-out load, l a is the embedment length of rebar, and d is the diameter of rebar.
The notation adopted for the specimens in Table 3 is as follows: the first number indicates the bar diameter, the next number is the embedment length, the third number For all test specimens, the whole process of pull-out test is as follows: the bond stress-slip relationship is characterized by an initial increase in the pullout stress with slight slip, followed by softening after the bond strength. As the pull-out load increased, the slip increased and became measurable with crack formation, resulting in the shearing off and crushing of concrete at the bonded region [12] . However, high residual bond strength remains during the bar pullout phase because of friction. 
Effect of the embedment length
Fig .2 shows the bond stress and slip relations of different embedment lengths (3d, 4d, 5d and 6d) for steel rebars embedded in RPC. The main findings were as follows:
The results show that with the increase of rebar embedment length, the ultimate bond stress decreases pseudo-linearly [13] [14] . The specimens with longer embedment length developed lower bond strength. One reason of this decrease is caused by the nonlinear distribution of bond stresses along the steel bar embedded in concrete. The longer of the rebar embedment length, the shorter and narrower of the high stress region, so specimens with longer embedment length had low average bond stress. The other reason of this decrease is caused by Poisson's ratio effect where the substantial elongation of the bar throughout the embedment length leads to reduction in friction. The bond stress decreased rapid and largely(about 40%) when the local bond stress reach the ultimate bond stress. 
2. Effect of bar diameter
The test results in Table. 3 show that with the increase of the diameter of the bars, the ultimate average bond strength decreased slightly. For example, at the embedment length of 80cm, the bond strength of the specimens with a diameter of 16mm were 27.64MPa(7d), 28.54MPa(14d), 29.26MPa(28d), which are about 1.4%-3.9% higher than those of the specimens with a diameter of 20 mm. This decrease is caused by the bleeding of the water in the concrete. The larger the diameter, the more bleed water is trapped beneath the bar, which creates larger voids in the interface [14, 15] . The voids reduce the bond strength on the contact surface between the bar and the concrete. The Poisson's ratio effect also can allow a slight reduction in bar diameter as a result of longitudinal stress. It's more easily to brittle failure in concrete surface when the bars were pulled out as the diameter of the bar increases.
Effect of concrete age (confinement effect)
With the growth of the concrete age, the compressive strength and flexural strength of RPC increase. Studying the effect of concrete age amounts to evaluating the effect of the confinement pressure caused by concrete shrinkage on the bond strength [16] . The results obtained from pullout tests performed after 7, 14and 28 days with smooth bars (d=16mm) are displayed in Figs. 3 and Table 3 . The following remarks can be made:  The bond-slip relationship curves were the same shape for all the specimens. The bond-slip relationship become full with the increase of concrete age.  With the growth of the concrete age, the ultimate bond strength of specimens increase. That because with the growth of the concrete age, the radial confined pressure on the bond strength increased, too. 
4. Effect of concrete cover
Studies have been performed to evaluate the effect on the bond strength of the concrete cover. The results obtained from pullout tests performed after 28 days with the concrete cover (1cm, 1.6cm and 2.5cm) are displayed in Figs.4. The main findings were as follows:  The bond performance curves were the same shape for all the specimens. The bond-slip relationship become very full with the increase of concrete cover.  With the growth of the concrete cover, the ultimate bond strength of specimens increased. That is caused as the growth of concrete cover increases the contact surface confinement pressure between the bar and the concrete. 
Anchorage length
The force applied in the rebar is resisted by the bond stress acting on the surface of the rebar based on the equilibrium condition. The equilibrium of the forces is expressed by Eq. (2).
where f y is steel yield strength, A s is the area of one rebar, d is the diameter of the steel rebar, l a is the critical anchorage length, τ is bond strength. By this formula, the adequate anchorage length for bars with the diameters of 16mm is worked out to be 5.5 times of the bar diameters.
CONCLUSIONS
 All test specimens failed by pull-out of the rebar with the shearing off and crushing of concrete between the lugs of the rebar. The bond of reinforcement in RPC is characterized by very high maximum bond stresses, even at early ages. High residual bond strength remains during the bar pullout phase because of friction.  The bond strength was slightly decreased with increasing embedment length due to the nonlinear distribution of the bond stress and the Poisson's ratio effect. The specimens with longer embedment length developed lower bond strength.  The average maximum bond strength decreased when the diameter of the bars increased. This decrease is caused by the voids in the interface and the voids reduce bond strength on the contact surface between the bar and the concrete.  With the growth of the concrete age and the concrete cover, the ultimate bond strength of specimens increase. The reason of this increase is caused by the radial confined pressure on the bond strength increased, too.  The adequate anchorage length for bars with the diameters of 16mm is worked out to be 5.5 times of the bar diameters.
